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Abstract 
The Compressive Behavior of Glass Fiber Composites Subjected to Local Thermal 
Loading 
by 
Catherine Meaghan Westover 
Master of Engineering in Mechanical Engineering 
University of California, Berkeley 
Professor C.K.H. Dharan, Chair 
An experimental study has been conducted to determine the effects of local 
thermal loading on the compressive behavior of glass fiber composites. The primary 
factors considered were the intensity ofthermalloading and the applied compressive 
load. The material specimens tested were laminate plates composed ofMicarta 010 FR4, 
a fire retardant glass/epoxy laminate. Two types of testing were conducted for heat 
fluxes of 85 kW/m2, 140 kW/m2, and 195 kW/m2• The first type involved the unloaded 
radiant thermal testing ofthe material and provided a baseline from which the effects of 
thermal loading on the physical properties ofthe composite specimen were determined. 
The second type was a combined loading test, which involved loading specimens in 
compression to a constant applied load and subjecting them to a local thermal load. 
From the radiant thermal tests, the primary physical damage observed was 
delamination and charring. In the combined loading tests, delamination and charring were 
again present, however, micro buckling was the primary form of damage leading to 
catastrophic failure. An evaluation determined delamination and charring damage to be 
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dependent upon the thermal load while the existence of micro buckling proved dependent 
upon both the thermal load and the applied compressive load. Microbuckling was 
extensively investigated and determined to be a function of the degradation of the 
material's fiber microbuckling strength. From the results, design limitations were 
developed to minimize the potential effects of local thermal loading. These limitations 
included optimizing the thickness ofthe composite structure and minimizing the applied 
compressive load. Maximizing the thickness results in increased buckling strengths and 
load carrying capacities, while decreasing the concentration of thermal energy and the 
degree of damage. Minimizing the applied compressive load reduces the chance of 
micro buckling and global buckling, thereby, decreasing the chance of catastrophic failure 
in the case ofthermalloading. A post-exposure evaluation can also be developed from 
the results presented. 
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Chapter 1 Introduction 
1.1 Motivation 
1.1.1 Naval Applications of Glass Reinforced Polymer Matrix Composites 
The use of fiber reinforced polymer matrix composites is beginning to permeate 
the industry of naval shipbuilding, although, with the exception ofthe MHC-51 class 
minesweeper, the Navy had previously rejected the use ofthese composites in its ship 
and submarine construction [1]. Due to the increased performance demands of naval 
vessels, the composite designs that have dominated the recreational maritime industry 
had been considered inadequate for naval applications. High construction costs and high 
failure risk due to lack of technical information further kept the Navy from implementing 
composite materials into their ship and submarine construction. However, as fabrication 
techniques improve and the need increases for reduced electronic signatures, these 
materials are becoming more desirable and feasible to the demands of naval shipbuilding 
[1]. 
The Navy has traditionally used steel and aluminum for their construction 
materials. These materials will slowly be replaced with polymer matrix composites that 
offer improved characteristics and properties. The high strength-to-weight ratio of 
composites may provide weight saving alternatives in a number of applications including 
hulls, engine mounts, superstructures, weapon systems, and missile launch tubes. These 
weight reductions would result in fuel savings and greater cargo capacity as well as 
increased vessel stability due to decreased top-side weight. In submarines, they may 
potentially increase depth and balance capabilities [2]. 
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Polymer-matrix composites are non-corrosive, non-metallic materials, which 
means greater longevity and decreased maintenance than traditional materials exposed to 
the salt-water environment. Consequently, overall life cycle costs would be reduced from 
the decreased cleaning, inspection, coating and lubrication requirements ofthese 
materials [2]. 
The use of these materials also results in improved low radar cross-section 
characteristics that are critical to the operational demands of naval vessels. The most 
recent minesweeping platform, the MHC-51 class, was constructed of non-magnetic glass 
reinforced plastics. These materials reduced the ship's vulnerability to magnetic mines as 
well as increased its protection to ballistic impact due to the increased energy absorption 
capability ofthe material relative to its density [3]. 
1.1.2 Thermal Loading Limitations 
While there is increasing demand for polymer-matrix composites in naval 
applications, the implementation of composites is limited by their structural susceptibility 
to fire. Fire is a constant potential hazard and a ship's ability to resist thermal and 
structural damage is critical to mission accomplishment and personnel safety. The 
watertight integrity, stability and offensive power ofthe vessel are dependent on the 
ability to control damage and maintain structural integrity [4]. 
With these factors in mind, current standards have been defined by the 
International Maritime Organization through the International Convention for the Safety 
of Life at Sea (SOLAS). The standards require hulls, structures, bulkheads, decks and 
deckhouses to be constructed out of steel or an "equivalent" material, where an 
"equivalent" material is any non-combustible material which has the structural integrity 
2 
equivalent to that of steel at the end of a fire test [2,5]. Currently, there are no design and 
evaluation criteria that adequately assess the compliance of composite materials to these 
standards. Although research is being pursued [5,6,7,8], further analyses ofthe structural 
failure and resulting structural integrity of composite materials at elevated temperatures 
need to be evaluated to insure safe and reliable design criteria. Of particular importance 
is the damage tolerance of composites to fire and the ability of composite structures to 
withstand fire threats without collapsing and propagating damage to other locations. Due 
to the critical dependence of composite compressive behavior on temperature, the 
problem of compressive strength of a composite plate combined with localized thermal 
heating due to an adjacent fire is addressed in this research. 
In the following sections, the compressive behavior of composite laminates is 
reviewed followed by a description of previous research conducted in the subject area 
and an outline of the objectives of this research. 
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1.2 Background and Literature Review 
1.2.1 Compressive Behavior of Composite Laminates 
Structural continuous-fiber reinforced polymer matrix composite laminates are 
usually of orthotropic constructions that lead to unique failure mechanisms in 
compression. Fracture of these laminates seldom occurs catastrophically and tends to be 
progressive in nature with subcritical damage widely dispersed throughout the material 
[9]. Failure mechanisms depend on the laminate geometry and matrix properties and may 
involve global and/or local failure modes 
A thin-walled laminate plate loaded axially in compression may globally 
experience Euler buckling. Euler buckling occurs when a thin-walled column is 
subjected to excess axial compressive loads resulting in lateral deflection of the column. 
The critical load to create buckling is dependent on the bending stiffuess (El), the length, 




K is the coefficient which describes the end support conditions of the column and it is 
computed theoretically or empirically to fit experimental data. L is the actual length of 
the column [10]. 
Buckling delamination (Figure 1.1) is another form of global failure that may 
result from axial compressive loading. Buckling delamination is commonly a result of 
impact damage, which introduces 1oca1 microcracks and de1amination. This form of 
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delamination induces Mode 1 loading which causes the delamination to propagate at 
sufficiently high loads [9]. 
Local failure may occur in the form of fiber micro buckling (Figure 1.2), the 
individual buckling ofthe fibers in the matrix [9]. While high modulus fibers provide 
excellent strength and stiffness properties in tension, they are unstable in compression. 
They respond like slender columns experiencing Euler buckling, with increased support 
provided by the matrix material. Although fiber buckling is a local phenomenon, it can 
propagate and form kink band~. Microbuckling and kink band formation can lead to 
global buckling and delamination of the composite laminate plate. 
Figure 1.1 * Buckling delamination * Figure 1.2 Fiber microbuckling 
* Figures adapted from Ref [9]. 
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1.2.2 Mechanical Response of Composite Laminates to Thermal Loading 
Due to their anisotropic and inhomogeneous structure, the response of composite 
laminates to high temperature exposure is more complex than for metallic materials. The 
stress and failure analyses ofthese materials under compressive loads at elevated 
temperatures are dependent upon the elastic modulus. At elevated temperatures, polymer 
matrix composites typically experience significant degradation of the composite matrix 
resulting in reduced transverse and interlaminar shear strengths and moduli. The 
longitudinal compressive strength ofPMC laminates is dependent upon these properties. 
Therefore, as matrix properties rapidly decrease with increasing temperature, there is a 
loss of fiber confinement and interlaminar shear strength and a reduction in the laminate 
compressive strength [5]. 
Polymer matrix composites also have much lower thermal conductivities than 
metals and metallic alloys, which create larger temperature gradients in the material. 
These temperature gradients create thermal stresses and degrade material properties 
resulting in heterogeneous damage modes such as kinking, or microbuckling, and 
delamination. The type and severity of failure is dependent on the degree and 
distribution ofthermal degradation [11]. 
At high intensities ofthermalloading by means of radiation, conduction, or 
convection, the material may experience pyrolysis and the subsequent removal of 
material due to thermal chemical or thermal mechanical ablation. The structural response 
of PMC laminates near or above the ablation temperature are difficult to predict. These 
limitations are due to the lack ofthermophysical and thermal mechanical properties 
above these temperatures, the nonlinearity introduced by temperature dependent material 
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properties and by moving boundary conditions, and the difficulty in assessing the failure 
mode. The following section includes a description of previous work conducted to 
investigate the physical response of composite materials to elevated temperatures and 
briefly summarizes their findings and the applications to this research. 
1.2.3 Background 
Milke and Vizzini, reference [6], characterized heat transfer through composite 
laminates using three-dimensional heat transfer analysis. Where previous research had 
concentrated on two-dimensional analysis, their objective was to incorporate a through-
thickness temperature gradient to predict thermally induced stresses in a composite 
exposed to short-term radiant heating. This type of analysis was necessitated by the 
transient nature ofheat transfer processes associated with short-term fire exposure. 
A three-dimensional model was developed to predict both in-plane and through-
thickness temperature distributions. The model accounted for the anisotropic properties 
of composite materials, considering both the longitudinal and transverse conductivity of 
the fibers as well as the in-plane rotation ofthe laminate plies. The heating of a thin 
laminate plate was examined, incorporating the parameters of the ply number, thickness, 
length, width, initial temperature and thermophysical properties. 
Experiments were conducted to demonstrate the accuracy of the thermal response 
model. Using radiant panels, material specimens were subjected to moderate heat fluxes 
ranging from 9.1 to 17.6 kW/m2• This thermal loading was applied uniformly across the 
width of the specimen and the unexposed surface temperature of the specimen was 
measured using an infrared camera system. 
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This research resulted in an accurate modeling analysis which is applicable to a 
wide range of sample geometries and material compositions, and which focuses on 
moderate intensity, short-term thermal exposure. This work, however, did not 
characterize the effects ofhigh-intensity, short-term thermal loading nor the associated 
degradation due to pyrolysis, ignition, and ablation or melting. A detailed assessment of 
mechanical property degradation as a function of the temperature distribution was 
neglected as well. 
Chang [7] also developed a thermal analysis to compute transient temperature 
distributions. His objective was to determine these temperature distributions as well as 
the moving boundary conditions that result from material removal, such as ablation and 
melting. The results from this thermal analysis were then used as input to assess 
structural performance and integrity. 
The thermal modeling approach used by Chang considered the heat transfer 
analysis at a macroscopic modeling level. The reactions were accounted for by 
macroscopic modeling parameters such as heat capacity and sublimation energy. The 
problem was approached as a one-dimensional problem, rather than a three-dimensional 
problem, and modeled a composite laminate of thickness L subjected to a uniform 
constant intensity heat flux on one surface. The bulk thermal response of the slab was 
computed from conductivities approximated by vectorially integrating the conductivity 
matrix through the composite thickness. 
The mechanical modeling approach involved the development of a finite element 
code that incorporated the Mindlin laminated plate theory to evaluate structural integrity. 
This model incorporated the nonlinearity of the material properties due to thermal 
8 
degradation and also accounted for the moving boundary conditions caused by thermal 
ablation and ply failure. Stresses and displacements were evaluated for each ply and then 
compared with the failure criteria ofthe composite laminate. Upon ply failure, structural 
stiffnesses were modified and the stress redistributions were computed. Structural failure 
of the laminate was defined as the condition when the integrated load carrying capability 
of the remaining plies was less than the externally applied load. 
The analyses were verified through experimental tests in which a mechanical load 
was applied axially along the plate and intense thermal radiation was applied transversely 
to the plate. Tests were conducted applying both tensile and compressive loads. The 
results established reasonably good agreement between the analytical and experimental 
methods. 
Chang's work presents both a thermal and thermal mechanical analysis 
methodology. It addresses the response of structural integrity to thermally degraded 
material properties, including the effects of high intensity thermal ablation. It also 
models a localized thermal loading scenario rather than a uniform thermal loading across 
the material thickness. However, while it does define a structural failure condition, it 
does not address modes of failure created by the combined loading conditions or the 
catastrophic failure mode experienced by the material. 
Asaro and Dao [5,8] have conducted detailed investigations of composite failure 
modes due to thermal and mechanical loading. Their research has been concerned with 
the thermal degradation of composite materials in marine applications. This work focused 
on developing a quantitative framework for assessing the degradation of composite 
material properties under thermal loading. The subsequent degradation of structural 
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integrity of composite structures can be evaluated through these assessments. Their 
objective aimed to determine a quantitative description of structural collapse in order to 
develop a design methodology. 
The analysis and experimentation focused on the combined in-plane compressive 
and out-of-plane mechanical loading of composite plates while exposed to thermal 
loading. The material specimens tested consisted ofE-glass fabric, vacuum infused with a 
vinylester matrix and thermally insulated with mineral wool on the exposed side. In-
plane compressive loading was determined to be critical due to the dependence of fiber 
confinement and interlaminar shear strength on resin properties, which decrease with 
increased temperatures. The thermal loading was applied uniformly across the width of 
the exposed side of the specimen, with significant temperature gradients through the 
specimen thickness. 
The quantitative methodology developed by Dao and Asaro was developed 
through a combination of experimental and theoretical evaluations. A simple modeL 
shown in Figure 1.3, was used to determine the material property variations and to 






Figure 1.3 Asaro and Dao collapse model with material property variation [5]. 
The plate is assumed to have simply supported end conditions and is subjected to 
symmetrically applied compressive loads. 
This model incorporated temperature dependent stiffness and strength properties. 
A gradient in material properties was assumed to correspond to the temperature gradient 
and resulting loss in material stif:fuess. This property gradient was assumed to be of the 
form 
z=Ax2 +Bx+C 
where A, Band Care defined as follows 




E1 represents the "exposed face" property (e.g. modulus), E2 represents the "back face" or 
"unexposed face" property, and Ec is a property value at the panels center. 
Asaro and Dao derived the structural integrity from the modulus properties 




and P E is the Euler buckling load described previously for a rectangular cross-section. 
This simplified model was verified through three-dimensional finite element 
analysis. A finite difference based thermal analysis was conducted to determine the 
temperature distribution. Using this temperature distribution, a property degradation 
profile was then determined. From the degraded property profiles and the use of the 
simplified collapse mode~ a critical load vs. time profile was calculated which correlated 
closely to the experimental results. 
From their experimental and analytical analysis, Asaro and Dao identified a 
'danger zone' to determine the structural perseverance of composite materials exposed to 
fire damage [8]. By fixing the face temperature-time histories at the front face ofthe 
panel and choosing two extreme boundary conditions, (1) the insulated back face and (2) 
the back face at room temperature, Pcoll was plotted against the center temperature for 
two separate cases. Using Figure 1.4, it was predicted that materials loaded above the 
danger zone would not survive fire damage; materials loaded below the danger zone 
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would retain structural integrity; and finally, the integrity of any specimens loaded in 
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Figure 1.4 Critical collapse load vs. center temperature Tc for (a) Case #1 and (b) 
Case #2 [8]. 
Their experimental results showed that, for uniform thermal loading, the dominant failure 
mode was due to global buckling, and secondary failure modes ofkink band formation 
13 
and microbuckling were initiated either by embedded thermocouples or overall global 
buckling. Their work provides a preliminary assessment of structural failure and an 
evaluation of the structural integrity of composite laminates subjected to thermal loading. 
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1.3 Current Research 
The objective ofthe present research is to determine the compressive behavior of 
glass fiber reinforced composites subjected to local thermal loading. Previous research 
has focused on the heat transfer characteristics of composite laminates and the effects of 
uniform thermal loading on laminate compressive behavior. However, a study ofthe 
compressive strength of laminates subjected to localized thermal loading has not been 
conducted. The subject of local thermal loading is important due to the gradients in 
material properties that are created both in-plane and through the thickness of the 
structure when exposed to local rather than uniform loading conditions. Localized 
thermal loading is also a more probable scenario in an actual fire such as a compartment 
fire where damage will occur locally to adjacent structures. 
Local thermal loading occurs when the test specimen is subjected to a constant 
intensity thermal load within a localized region on the specimen's exposed face. This 
type of loading results in through-thickness and in-plane temperature gradients in the 
laminate. These temperature gradients create gradients in mechanical properties and 
unique stress distributions in the material. As a result of these loading conditions, these 
laminates experience atypical failure modes. The goal of this research is to characterize 
the mechanisms of failure associated with local thermal loading in order to develop 
design criteria and an analysis of structural integrity. 
Experimental tests were conducted using test specimens ofMicarta 010 FR4, a 
woven E-glass fabric impregnated in a fire retardant matrix. A constant compressive load 
was applied to the specimen using a screw-driven testing machine. Localized thermal 
loading was then applied using an infrared radiant spot heater that concentrated thermal 
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energy to a 13 mm (.5 in) diameter spot at the center of the test specimen. Thermal and 
mechanical loading variables were investigated for test durations of five minutes. At the 
completion of the tests, the damage and failure mechanisms were recorded. 
A detailed description of the experimental methods and theoretical analysis of the 
results is presented in the following chapters. Chapter 2 presents a brief description of 
the experimental equipment and safety precautions used. Chapter 3 describes the thermal 
loading and combined loading test methods and the results of thermal and mechanical 
damage from these tests. An analysis incorporating the degradation in fiber 
micro buckling strength and the presence of a stress concentration, as well as an 
evaluation of the experimental data, are explored in Chapter 4. Chapter 5 concludes with 
a summary of the results, conclusions and recommendations for future work. 
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Chapter 2 Experimental Equipment 
2.1 Material Specimens 
The test specimens consisted ofMicarta G-10 FR-4, which is a flame retardant 
grade E-glass/epoxy laminate with high mechanical strength, good electrical properties 
and excellent moisture resistance. It is used for structural members, slot insulation, 
wedges and panels [12]. The G-10 FR-4 specimens were composed of[0/90] woven 
plies and fabricated from 3.20 mm x 914 mm x 1220 mm (0.125 in x 36.0 in x 48.0 in) 
sheets through a proprietary curing process by International Paper. The 3.20 mm (0.125 
in) thick plates were then cut using a diamond cutter to a specimen size of 102 mm ( 4 in) 
wide by 127 mm (5 in) long. 
The resin used in this material was a brominated bisphenol-A epoxy-based 
vinylester resin diluted in a styrene monomer. The effects of the brominated epoxy are to 
improve elevated temperature performance and to provide chemical resistance and flame 
retardation [13,14]. Elevated temperature resistance ofbrominated epoxies is achieved 
through an increased glass transition temperature (T g). Where nonbrominated G 10 
laminates have a T g of approximately 100 °C (212 °F), brominated G I 0 laminates have a 
Tg of approximately 130 °C (266 °F). Further material properties ofthe laminate are 
given in Table 2.1 [13]. 
T bl 21 a e . M h . IP ec amca rope rti fM" rt GlO FR4 es o ICa a 
Density, glcmj Compressive Strength, Flexural Modulus, Glass Weight T8, °C (°F) 
(lb/in3) MPa (ksi) GPa (Msi) Fraction,% 
1.91 (.069) 241 (35) 19.3 (2.8) 55 130 (266) 
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The specimen size was determined by the loading capacity of the testing machine, 
material availability, and the conductivity characteristics of the material. Due to the 
maximum loading capacity ofthe machine and the availability of materia~ the size was 
of a much smaller scale than that ofthe material's proposed application. However, while 
reduced, the size had to be large enough to maintain the goal of localized thermal 
loading. Therefore, the material specimen was made wide enough to provide a sufficient 
a/w ratio of approximately 0.25 (where a is the diameter of the heat zone and w is the 
material width). The length also had to be long enough to provide a sufficient all ratio of 
approximately 0.25 (where I is the material length), yet short enough to minimize global 
buckling effects. Finally, the thickness was optimized to allow for minimal global 
buckling effects and maximum temperature uniformity in the through thickness direction. 
This parameter was determined through initial thermal loading tests. 
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2.2 Mechanical Testing Apparatus 
2.2.1 Compression Test Fixture 
The specimens were held aligned in the testing machine using aluminum fixtures. 
The material specimens were loaded in compression by clamping two ofthe edges into 
the fixtures while the other two remained free. As shown in Figure 2.2, the short edges of 
the specimen were constrained by the specimen fixtures, which were grooved clamps 
used to hold the specimen in place while a load was applied. The fixtures were machined 
from aluminum stock and contained grooves 114 mm ( 4.5 in) in length, 6.35 mm (.25 in) 
in width and 12.7 mm (.5 in) in depth (see Appendix A for detailed drafts). The 
remaining space in the groves was taken up by steel shims. The bottom clamps were 
bolted to a base plate that was then attached to the base of the testing machine (Figure 
2.1). The top clamp was threaded to an adapter that attached to the load cell ofthe testing 
machine. 
Figure 2.1 Compression test fixture 
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2.2.1 Instrumentation and Testing Machine 
Instrumentation consisted of a load cell (22 kN capacity) and a displacement 
transducer integrated with the Instron 5500 Series materials testing machine. Positioning 
ofthe crosshead is repeatable to within 1.0 micrometer [15]. 
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2.3 Thermal Equipment 
2.3.1 Infrared Radiant Spot Heater 
A high temperature and industrial quality heat gun was initially used as a thermal 
loading source. The heat gun had temperature control capabilities and the heat was 
focused using a 0.635 em (0.25 in) adapter on the end of the nozzle. Preliminary tests 
found that the heat flux was inconsistent and non-uniform. The high speed flow from the 
gun resulted in an impinging jet of energy, where most of the heat was convectively 
forced along the material surface extending the heated region further than desired. In 
addition, the temperature range was found inadequate in providing sufficient thermal 
loading to cause damage to the material. 
Further investigations resulted in the choice of an infrared radiant heater to be the 
most adequate and appropriate source of thermal loading. Using a Model4150 electric 
infrared spot heater produced by Research, Inc., localized thermal loading was obtained. 
The spot heater is designed to provide clean, non-contact heat on a small target or object. 
It uses a high intensity, short wave infrared emitter to supply a range of concentrated 
energy to a 13.0 mm (0.5 in) 'spot' approximately 25.0 mm (1 in) from the end of the 











Figure 2.2 Concentrated thermal energy produced by the infrared heater. 
The heater was controlled by a Model 5620 power controller which manually set 
the voltage into resistive loads. The power controller provided a smooth application of 
power to the load from 0 to 100 percent of the line voltage. By adjusting the power 
setting on the controller, the energy output of the lamp was linearly controlled and 
resulted in variable heat fluxes ranging from 85 kW/m2 to 195 kW/m2 for the 
predetermined spot size of 13.0 mm (0.5 in). The heater was fastened to an adjustable 
platform that allowed for variable height and distance positioning. A Coleman air pump 
was used to supply the necessary 2.83 CMH ( 100 CFH) of cooling air to the heater. 
2.3.2 Radiometer Calibration 
The heater calibration was conducted using a water-cooled Schmidt-Boetller type 
radiometer. The radiometer was placed 25 mm (1 in) from the heater and aligned with 
the center of the emitter. Voltage readings were recorded in increments of .5 for heater 
settings between 0 and 2.5. These voltages were converted into heat flux measurements 
and a linear approximation was derived from the points. The calibration equation used to 
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determine the heat flux was y = 19.64x, where x is the voltage in m V and y was the heat 










v v ~ 
• Experimental data .[-
v v 1-Linear (Experimental data) 
0 0.5 1.5 2 2.5 3 3.5 4 
Power controller setting 
Infrared spot heater calibration at a distance 2.54 em from the heater 
collar. 
2.3.3 Infrared Camera 
Thermal data was taken using a ThermaCAM, a handheld infrared imaging 
radiometer. The ThermaCAM is a thermal imaging and measurement system with full 
screen measurement and image storage and analysis capabilities. Using this camera, 
thermal images were taken to determine the in-plane temperature distribution through the 
material. An emissivity of0.90 for the laminate was assumed and thermocouples were 
used to verify the initial temperature readings of the camera. The thermal images were 
stored on removable SRAM PCMCIA memory cards and were later output to a software 
program which enabled the user to image the infrared profiles and plot the temperature 
distribution across the specimen. 
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2.4 Safety Precautions 
Heating ofthe test specimens above 450° F results in the release of potentially 
hazardous pyrolysis products. These products include carbon monoxide, carbon dioxide, 
and hydrocarbons that irritate the nose, throat and lungs if inhaled for a significant 
duration [16]. In order to control the dissipation of these vapors and maintain a safe 
testing environment, a portable ventilation system, Figure 2.5, was developed and a 
ventilation mask was used. 
The ventilation system captured the fumes by first isolating the testing area 
through the use of a hood with plastic curtains which hung down from the Instron 
crosshead and surrounded the testing area. A charcoal filter was incorporated into the top 
portion of the hood in order to assist in filtering the fumes. A vacuum pump was used to 
draw the fumes from the test area, through ducting and into a sealed bucket containing an 
ammonia-water mixture. In the mixture, the pyrolysis products recombined and the 
excess gases were extracted by the pump. These gases were fed through the pump and 
exhausted through tubing to the outside. A vapor mask was also used as a secondary 
precaution. Due to the minimal fumes created and the portability necessitated by the 




Figure 2.4 Portable ventilation system: (a) hood with plastic isolation curtains 
and (b) vacuum pump system for filtering combustion products. 
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ChtJpter I E)(perimental Methods and Results 
3.1 Introduction 
Here the defined parameters and test methods conducted to determine the 
compressive behavior of composite laminates subjected to thermal loading are presented. 
The first section is a description of the four parameters considered in the tests. These 
parameters include the size of the test specimen, the applied compressive load, the 
applied thermal load, and the duration of testing. The second section includes a detailed 
description of the test method and results for the unloaded thermal tests. These tests 
consisted of thermally loading the specimens in order to isolate the damage created solely 
by thermal loading and to determine the temperature distributions through the in-plane 
direction of the material at various heat fluxes. The third section is a description of the 
test method and results of the combined thermal and mechanical loading tests. In these 
tests, the material specimens were loaded to a constant compressive load and then 
subjected m a constant applied thermal load. 
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3.2 Testing Parameters 
3.2.1 Specimen Geometry 
The specimen geometry remained constant throughout the reported tests. As 
mentioned previously in Chapter 2.1.1, the geometry was determined by machine loading 
capacity, the buckling characteristics and the thermal characteristics of the material. 
Preliminary tests were conducted using laminates with dimensions of 102 mm ( 4 in) by 
305 mm (12 in) and a thickness of6.40 mm (.25 in). These tests found that the 6.40 mm 
(.25 in) thick specimens were too thick to be significantly affected by the tested heat fluxes 
and that failure was predominantly through global buckling. Thinner specimens of 101 
mm (4 in) by 127 mm (5 in) and a thickness of3.20 mm (0.125 in) were then selected and 
shown to have more uniform temperature distributions through the thickness direction as 
well as a greater susceptibility to mechanical and thermal degradation at the tested loads. 
3.2.2 Applied Compressive Load 
The applied compressive load was held constant for each test. Tests were 
conducted for a given thermal load where the compressive load was increased in 900 N 
(200 lb) increments until the global buckling load was approached. Near or at the global 
buckling load, the applied load was increased in 445 N (100 lb) increments until failure of 
the specimen. Failure was defined as the instance where the material specimen could no 
longer support the applied load. 
The global buckling load ofthe material was determined using Euler's buckling 
equation for a rectangular cross-section, defined in Equation (1.1). Using an end factor of 
k=.75 to approximate the support conditions, an approximate theoretical buckling load 
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was determined for a specimen size of3.20 mm x 102 mm x 102 mm (.125 in x 4 in x 4 
in), loaded axially along the length. The decreased specimen length of 102 mm (4 in) used 
in determining the theoretical value is due to the decrease in effective length caused by the 
design ofthe testing fixture. An approximate Young's Modulus of20.7 GPa (3.0 Msi) 
was used in calculations. Calculations of the buckling approximation are shown in 
Appendix B. 
Experimental measurements were then conducted to verifY the buckling 
calculations. The specimen was loaded to failure on a 89 kN (20,000 lb) capacity testing 
machine at a crosshead rate of0.011 mm/sec (0.025 in/min). The theoretical and 
experimental buckling approximations showed good agreement and are listed in Table 3.1. 
Table 3.1: Buckling Load ofMicarta GlO FR4 
Material 




3.2.3 Applied Thermal Load 
Theoretical Buckling Load, Experimental Buckling 
N (lbs) Load, N (lbs) 
~~----~----~~~~--__, 9530 (2140) 10230 (2300) 
Three series of tests were run at three levels of thermal loading to simulate the 
conditions for a compartment fire of approximately 1 00 k W /m2• The heat fluxes selected 
were 85 kW/m2, 140 kW/m2, and 185 kW/m2• For each value ofloading, the energy was 
focused to a 13.0 mm (.5 in) diameter spot on the surface of the specimen. The actual 
heat affected zone created by this loading varied for each heat flux due to conduction 
through the material. These heat fluxes were held constant throughout the duration of the 
test. 
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3.2.4 Test Duration 
The test duration remained constant for each test. It was measured from the 
initiation of thermal loading and concluded after a lapsed time of five minutes. Based on 
thermal imaging measurements, the temperature distribution stabilized after approximately 
four minutes. This stabilization is due in part to the energy losses through the material and 
the insulating effects of the charred region of material that results from high intensity 
thermal loading. With these factors in mind, a maximum test time was set at five minutes. 
Figure 3.1 shows the stabilization of the temperature distribution for a specimen exposed 
to four minutes ofthermalloading and a specimen exposed to five minutes ofthermal 
loading. It can be seen from this figure that the temperature zones for each specimen are 
approximately equal. Therefore, it was assumed that no significant change in temperature 
distribution occurred after five minutes and the amount of thermal damage had reached a 
maximum. 
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Figure 3.1 Thermal images showing stabilization of temperature distribution from 
(a) 4 minutes of exposure to (b) 5 minutes of exposure at a heat flux of 140 kW/m2• 
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3.3 Unloaded Thermal Tests 
3.3.1 Method 
Thermal tests were conducted on unloaded specimens in order to isolate and 
characterize the damage created by thermal loading alone and to determine the 
temperature distribution in the in-plane direction of the specimen during various thermal 
loading conditions. 
Using the lower compression fixture grips, specimens were held stationary by one 
edge. The infrared heater was placed 25.0 mm (1 in) from the face of the plate and 
focused on the center of the plate (Figure 3.2). The ThermaCAM infrared measurement 
system was used to record the temperature distribution in the in-plane direction of the 
plate during the tests. As shown in Figure 3.2, this camera was placed opposite the heater 
on the unexposed side of the plate. The camera was arranged in this manner due to the 
obstruction of the view by the heater on the exposed side of the specimen. These tests 
were conducted under a fume hood in order to minimize inhalation hazards. 
The test consisted of applying a constant heat flux to the plate for a duration of 
five minutes. Using the ThermaCAM, thermal measurements of the unexposed face were 
taken during the test. These thermal images were recorded at one-minute intervals. At 
the conclusion of the test, the physical damage was recorded. This process involved 
physically measuring the diameters of the charring and delamination areas using calipers. 











Thermal loading schematic 
The infrared images recorded the temperature distributions in the in-plane 
direction of the back side of the specimen. Positions on the test specimen were 
determined using an image alignment tool from the thermal imaging software. This tool 
allowed the same measurements to be taken for a series of images of the same specimen 
or of the same dimensions. Using the alignment tool, temperature distributions as a 
function of distance from the loading spot were determined and comparisons of the 
temperature profiles from each of the three loading conditions were compared. Due to 
the relative thinness of the plate and the small temperature gradient through the thickness, 
the temperature profiles were approximately equal between the unexposed surface and 
the exposed surface of the specimen. 
Temperature distribution images at the five-minute interval are shown in 
Figure 3.3 for each of the heat fluxes tested. These images use a color-coded temperature 
scale to show the distribution in the in-plane direction of the specimen. The span was 
limited to an optimum range of 100 °C (212 °F) to 250 °C (482 °F). Due to the 
convective effects of the hood exhaust system, the temperature profile is slightly 
asymmetrical. 
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Temperature distribution plots were derived from the image data and are shown in 
Figure 3.4. These plots show the temperature as a function of distance from the center of 
the test specimen, where the thermal loading was focused. Due to the limitations of the 
camera imaging range, temperatures readings above 320°C (608 °F) could not be 
measured and therefore, the temperature profiles in the Figure 3.4 plateau at 320°C (608 
°F). This limitation does not indicate that temperatures experienced by the specimen did 


















Figure 3.3 Temperature distribution of specimens at five minutes of exposure for 
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Figure 3.4 Temperature distribution at the specimen midplane 
after five minutes of thermal loading at specified heat fluxes. 
Temperature plateaus at 320 C are due to the range limitations of 
the thermal imaging equpiment. 
3.3.3 Material Damage 
4.75 
Thermal loading of the test specimens resulted in physical damage in the form of 
delamination and charring. Delamination of the composite occurred first on the exposed 
side of the material in the concentrated area of thermal loading within 30 seconds of 
heating. This delamination spread radially with the conduction of heat through the in-
plane direction. As heat was conducted through the thickness of the material, 
delamination occurred on the unexposed side ofthe material. As the thermal loading 
continued, the material experienced charring of the laminate matrix. This charring 
extended radially outward in-plane from the center of concentrated thermal loading. As 
the material began to char and the heat transfer through the material began to stabilize at 
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approximately three minutes, growth of the damage area ceased. Tables 3.2a- 3.2b list 
the damage created at each heat flux on both the unexposed and exposed surfaces ofthe 
material. Photographs of the physical damage on both the exposed and unexposed 
surface of the material are shown in Figure 3.5 for each loading condition. The vertical 
dark region that appears on the specimens is soot deposited due to the vertical 
entrainment of smoke by the hood exhaust system. 


























Figure 3.5 Damage of exposed and unexposed specimen surfaces due to solitary 
thermal loading at various heat fluxes: (a1) 85 kW/m2, exposed surface, (a2) 85 
kW/m2, unexposed surface; (b1) 140 kW/m2, exposed surface, (b2) 140 kW/m2, 
unexposed surface; (cl) 195 kW/m2, exposed surface; (c2) 195 kW/m2, unexposed 
surface. The dark plumes of soot are due to the vertical entrainment of smoke by 
the hood exhaust system. 
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3.4 Combined Loading Tests 
3.4.1 Method 
In these tests, thermal and compressive mechanical loads were applied to the 
specimens simultaneously using the Instron mechanical testing equipment and the 
infrared heater. 
First, the specimen fixtures were secured to the Instron testing machine, centered 
with the base plate and the load cell. The specimen was then placed in the bottom fixture 
and aligned with the center of the fixture. Steel shims were placed on either side of the 
specimen to secure and center the specimen in the fixture. The top fixture, attached to the 
load cell and crosshead, was then lowered slowly and aligned with the specimen. The top 
fixture was lowered carefully while the specimen was inserted approximately 2.5 mm 
(0.1 in) into the fixture notch (Figure 3.6). At this point, steel shims were inserted in 
between the specimen and the top fixture to secure the specimen in position. The top 
fiXture was then lowered slowly until there was an initial detection of the compressive 
forces, at which point the crosshead was raised slightly to release the load. The extension 
and load measurements read by the software data acquisition system were then calibrated 
to zero. 
Once the specimen had been positioned in the testing machine, the infrared heater 
was positioned and aligned with the specimen. The heater was secured to its adjustable 
platform and placed on the side of the machine baseplate, facing the specimen 
(Figure 3.7). The platform was then adjusted to position the heater collar 25.0 mm (1 in) 
from the specimen and to center it on the specimen (Figure 3.7). 
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The ventilation curtains were placed on the top of the crosshead and the ducting 
was secured to the crosshead and positioned near the top fixture in order to capture fumes 
efficiently (Figure 3.8). 
Prior to beginning the tests, the Merlin software was programmed. The specimen 
number and dimensions were entered and the crosshead rate, the rate at which the 
crosshead was lowered, was set to .0106 mm/sec (.0025 in/min) for every test. The load 
was programmed to reach and maintain a constant compressive load. As stated 
previously, these loads were varied for each test. 
Testing began by initiating movement of the crosshead. As the crosshead was 
lowered, the compressive load applied to the specimen increased. As this load 
approached the constant compressive load, the heater was positioned to idle and the 
ventilation system was turned on. When a constant load was reached, the full thermal 
load was applied and the timer was started. 
During the test, the extension and load data was captured the testing machines 
data acquisitions program. Visible damage was also recorded. At the completion of five 
minutes or global collapse of the specimen, whichever occurred first, the test was 
concluded. Thermal loading was stopped and mechanical loading was released. The 
visible physical damage was then measured and recorded. After all measurements were 
recorded, the specimens were placed in sealed plastic bags. 




Figure 3.6 Placement oftest specimen in the compression testing fixtures: (a) the 
alignment of the test specimen in the bottom fixture and (b) the alignment of the top 
fixture with the specimen edge, prior to insertion of the specimen into the top 
fixture. 
(a) (b) 
Figure 3.7 Alignment of spot heater with test specimen: (a) positioning of heater 
on load machine baseplate and (b) energy concentration centered on the test 
specimen. 
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Figure 3.8 Ventilation system with curtains and fume ducting. 
3.4.2 Combined Loading Test Results 
The visible initiation of physical damage was recorded during the tests and the 
fmal damage was recorded at the conclusion of each test. The main forms of damage 
consisted of laminate delamination, matrix charring, micro buckling and global failure. A 
schematic displaying the failure modes ofmicrobuckling and delamination is shown in 
Figure 3.9. The lengths m1and mr are the microbuckling lengths on the front and rear 
surfaces of the specimen. The diameters d1 and dr are the delamination diameters on the 
front and rear surfaces. 
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Figure 3.9 Schematic of failure modes observed 
It was noted from observations that, for each of the applied heat fluxes, 
delamination initiated on the exposed surface of the specimen within the first 30 seconds 
of thermal loading. This delamination originated at the center of the concentrated 
thermal loading zone (the "spot") and spread radially outward on the surface. 
Delamination of the unexposed surface followed delamination of the exposed surface 
and, generally, encompassed a smaller area than delamination on the exposed surface. 
The diameter of the delaminated region tended to increase with an increase in thermal 
loading (Figure 3.10). However, for a given thermal load, this diameter did not change 
with an increase in compressive load. It was also observed that for the tests conducted at 
lower intensities of compressive loading delamination preceded any other form of 
damage. 
Charring of the material matrix occurred after delamination was initiated, as the 
material thermally decomposed. The charring spread radially outward in the in-plane 
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direction and through the thickness of the material. The area of charring was consistent 
for a given heat flux and did not change with a change in applied load (Figure 3.11 ). 
Microbuckling was observed to initiate within the concentrated thermal loading 
zone and propagated horizontally from the center outwards along the midplane of the 
specimen. The length and thickness of the microbuckling region tended to increase with 
both an increase in applied thermal load and an increase in applied compressive load. 
The micro buckling length refers to the distance of horizontal propagation across the 
specimen. 
At the initial compressive loads (approximately 113 of the specimen buckling 
load), delamination initiation would precede microbuckling initiation. The initiation of 
microbuckling was difficult to visibly detect at these loads due to the effects of 
delamination. The length of micro buckling was also generally less than the diameter of 
delamination at these initial loads. As the applied compressive load increased, the length 
ofmicrobuckling increased to greater than the delamination diameter. Eventually, at the 
higher compressive loads, microbuckling was initiated before delamination. At or near 
the global buckling load ofthe specimen, microbuckling reached a critical length, Euler 
buckling occurred and the specimen collapsed globally. 
Figure 3.12 shows the development ofmicrobuckling for specimens thermally 
loaded at 140 kW/m2• A comprehensive description ofthe material damage for 
specimens tested at the three thermal loading conditions under various compressive loads 
is given in Appendix C. The damage is reported in ratios, where the length of damage is 
normalized by the width of the specimen. 
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Figure 3.10 Delamination and charring regions of specimens subjected to a 
compressive load of22.1 MPA and heat fluxes of(a) 85 kW/m2, (b) 140 kW/m2, and 
(c) 195 kW/m2• The dark plumes of soot are due to the vertical entrainment of 
smoke by the hood exhaust system. 
Figure 3.11 Delamination and charring regions of specimens subjected to a 
constant heat flux of85 kW/m2 and a compressive load of (a) 16.5 MPa, (b) 19.3 
MPa, and (c) 22.1 MPa. The dark plumes of soot are due to the vertical 




Figure 3.12 Progression ofmicrobuckling damage with increasing applied 
compressive loads for a constant thermal loading of 140 kW/m2: (a) 8.27 MPa, (b) 
22.1 MPa, (c) 30.3 MPa, (d) 30.5 MPa. The dark plumes of soot are due to the 
vertical entrainment of smoke by the hood exhaust system. 
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Chapter 4 Theoretical Analysis 
4.1 Introduction 
The primary modes of failure found in the combined loading tests were 
delamination, microbuckling and global buckling failure. As will be shown in this 
section, a comparison of the delamination found in the unloaded thermal tests and the 
combined loading tests shows similar diameters of delamination for a constant applied 
thermal load regardless ofthe applied compressive load. This suggests that delamination 
was a function of the thermal load, and independent of mechanical loading conditions in 
these tests. However, microbuckling and global buckling were failure modes absent in 
solitary thermal loading tests and were introduced through mechanical loading. 
These failure modes, microbuckling and global buckling, will be explored in the 
following section. Their dependence upon combined thermal and mechanical loading 
conditions makes them a significant factor in the development of a safe, preventive 
design criterion and it is with this goal that an investigation of their behavior was 
conducted. By using the temperature data acquired in the solitary thermal loading tests 
and determining the material properties of the specimens at these temperatures, a 
reasonable explanation for the presence of these failure mechanisms is obtained. 
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4.2 Background 
The dominant mode of failure in compression is by fiber microbuckling. Fiber 
microbuckling is determined by fiber misalignment, shear modulus, and the shear 
strength ofthe composite (10]. As mentioned previously in Chapter 1.2, the shear 
modulus of the composite is significantly reduced at elevated temperatures. Therefore, 
with the resulting reduction in interlaminar shear strength and laminate compressive 
strength, the propensity for fiber microbuckling is increased. The three critical factors in 
fiber micro buckling failure are: 1) the composite shear modulus, 2) the fiber 
microbuckling strength, and 3) the matrix glass transition temperature. The following 
section contains a description of these factors, the correlation that exists between them 
and their application in the analysis of this research. 
The first factor, the composite shear modulus, has two significant components in 
compressive loading. These are the in-plane shear modulus and the interlaminar shear 
modulus. The in-plane shear modulus, G12, can be determined using a strength's of 
materials approach [10, 17]. From the inverse rule of mixtures, an in-plane shear 
modulus equation is determined to be 
v v G = __!!!... +_L 
12 G G 
m f 
where Gm is the matrix modulus, Vm is the matrix volume fraction, G1 is the fiber 
(4.1) 
modulus, and Vj-is the fiber volume fraction. When rewritten, the above equation leads 
to 
G Gm 






in which G12 is a matrix dominated property in the case of stiff fibers. lfthe fibers are 




The interlaminar shear strength, G13, which acts across the thickness of the 
(4.3) 
composite, is similar to the in-plane shear stress, which acts in the laminate plane and it is 
generally assumed that 
(4.4) 
Fiber microbuckling strength is the second factor in microbuckling failure, which 
is the determining variable of a composite's compressive strength. Rosen [18] developed 
a mechanics of materials model for local buckling, or micro buckling. Assuming the 
fibers to be straight, a stability analysis was determined for a shear mode of failure. 
Shear mode buckling assumes that fibers buckle in an in-phase pattern and the matrix is 
sheared, rather than an out-of-phase pattern where the matrix is compressed [19]. 
Rosen's analysis found the buckling stress of the fibers to be 
(4.5) 
As can be seen from Eq. (4.5), the buckling stress is numerically equal to the matrix 
dominated in-plane shear strength. While this approach gives the most conservative 
estimate of the buckling strength over a range of practical fiber volume fractions, it still 
over predicts the buckling strength considerably [10,19]. In order to account for this over 
prediction, an empirical correction can be made by adding a factor k which is determined 
experimentally for a particular volume fraction 
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kG 
a CR = __ m_ = kGI2 
1-V1 
(4.6) 
The third factor, the matrix glass transition temperature, dictates the temperature 
dependence ofthe matrix shear modulus. The glass transition temperature, or Tg, is the 
range in which a polymer goes from a glassy (rigid) behavior to a rubbery behavior [10]. 
Polymers consist oflong molecular chains that are tangled in a liquid-like 
manner. In the glassy state, these molecules are frozen in crumpled conformations. As 
the temperature increases, the molecules become more mobile through thermally 
activated discrete jumps. With this mobility, the molecules are able to change position 
through increased flexibility, although, the molecular formation does not change [20]. 
Glass transition of the polymer occurs over a finite temperature intervaL however, 
its change occurs so abruptly that it can be considered a transition. It is recognizable by a 
change in several material properties, the most important for practical purposes being the 
decrease in elastic modulus [21]. This reduction in modulus is usually several orders of 
magnitude. Due to this severe reduction, the T g is sometimes referred to as the softening 
point. 
With the previous descriptions, the following scenario can be developed. First, 
heat is added to a composite material, elevating the material temperature. As the 
temperature of the material exceeds its glass transition temperature, the matrix modulus 
decreases by an order of 103• This decrease in matrix modulus results in a decrease in the 
composite shear modulus. In turn, there is a decrease in the fiber micro buckling strength 
of the composite, which is dependent upon the shear modulus. The decrease in 
microbuckling strength leads to fiber instability and eventually, failure of the fiber. This 
scenario is a possible partial explanation for the occurrence and method of micro buckling 
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observed in the combined loading tests and will be fully investigated in the remaining 
portions of this section. 
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4.3 Modulus Measurements and Evaluation 
4.3.1 Modulus Measurement through DMA 
The first step in applying the previously described analysis was to determine the 
modulus of the material at elevated temperatures. The chemistry division ofYLA 
Plastics, an advanced miterials fabrication company, conducted these measurements. 
Using a technique called dynamic mechanical analysis (DMA), the dynamic moduli and 
damping of the material was measured under an oscillatory load as a function of 
temperature and frequency as the material was subjected to a contro lied temperature 
program. This technique is a form of relaxation spectroscopy in which the onset of 
molecular motion and the resulting physical transitions are detected [21]. The shear 
modulus, storage modulus and tangent of the phase angle of the material as a function of 
temperature were recorded for a thermal loading of 5 °C per minute. Figure 4.1 displays 
the shear modulus as a function of temperature. As previously described the modulus 
experiences a reduction of nearly three orders of magnitude. The measurements were 
only taken to a temperature of228 °C. As can be seen from the Figure 4.1, the modulus 
experiences a sharp decrease at approximately 130°C with little change before and after 
this transition. The measurements were therefore limited to a maximum temperature of 
190°C due to the insignificant modulus changes experienced above this temperature. A 
complete listing of the data, including the storage modulus and phase angle, are included 
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4.3.2 Evaluation of Modulus for Tested Thermal Loading Conditions 
The temperature distribution curves det ermined from the solitary thermal loading 
tests were used to determine the shear modulus distribution along the horizontal axis of 
the specimens for the thermal loading condition s described previously. By plotting both 
the position versus temperature and the shear m odulus versus temperature, the shear 
modulus versus position could be determined. As shown in Figure 4.2, by using the 
primary y-axis for the shear modulus data and a secondary y-axis for the position data, 
positions could be correlated to modulus measur ements at corresponding temperatures. 
Using the data points determined from Figure 4 .2, the shear modulus as a function of 
position for each heat flux was plotted (Figure 4.3). Applying Eqs. ( 4.5) and ( 4.6), this 
figure can also be used to determine the trend o f the fiber micro buckling strength. 
The data obtained displays a reduction of shear modulus and micro buckling 
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strength of a factor of approximately 30. This reduction occurs through the glass 
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Figure 4.2 The shear modulus of the material as a function of temperature and the 
distance position from the specimen midplane for heat fluxes of 70 kW/m2, 120 
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Figure 4.3 Shear modulus as a function of distance from the midpoint of 
incident heat ftux for heat ftuxes of 85 kW/m2, 140 kW/m2, and 195 kW/m2• 
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4.4 Evaluation of Damage 
4.4.1 Delamination 
Delamination and charring damage was fairly constant for each heat flux, 
regardless ofthe applied compressive load. This consistency suggests that these forms of 
damage were primarily a function ofthe thermal loading condition. The only exception 
to this observation was in the case of global failure. When global failure was initiated by 
micro buckling, delamination propagated vertically outward from the inception of global 
buckling. Table 4.1 shows the average damage measurements on the exposed surfaces for 








Damage comparisons from solitary thermal loading and combined 
loading tests. 
Front delamination ratio, djw Front charring ratio, cjw 
Solitary thermal Combined loading Solitary thermal Combined loading 
loading test test loading test test 
0.234 0.189 0.203 0.167 
0.281 0.239 0.250 0.216 
0.312 0.267 0.281 0.247 
4.4.2 Microbuckling Analysis 
Figure 4.4 shows the results of the microbuckling damage that occurred during 
the combined thermal and compressive loading tests. The results of the microbuckling 
damage ratio of the exposed surface, mtlw, versus the applied compressive force were 
plotted for each test [Figure 4.4]. It can be seen that for a constant thermal load, there is 
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an increase in microbuckling length with an increase in applied compressive force. 
Similarly, with a constant compressive force, there is an increase in microbuckling length 
with an increase in applied thermal load. There also appears to be a critical 
microbuckling ratio at which value the specimen can no longer sustain the applied 
compressive load and undergoes global failure through collapse. This phenomenon is 
shown by the dramatic increase in microbuckling ratio from approximately 0.481 to 1.0 
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Figure 4.4 Microbuckling ratio, m flw, versus applied compressive 
stress for various thermal loading conditions. 
By applying the data from Figure 4.4, a reasonable correlation can be made 
between the micro buckling strength of the material with respect to position and the 
microbuckling damage at that position. This correlation was accomplished by 
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determining the empirical factor k for the micro buckling strength corresponding to this 
material. First, the shear modulus curves were adjusted to account for the variation 
between the temperature profiles of the unexposed surface and the exposed surface. Due 
to the thermal gradient through the thickness of the material, the temperatures 
experienced by the unexposed surfaces were less than the temperatures experienced by 
the exposed surfaces. This variation in temperature and, therefore in modulus, is 
accounted for by shifting the modulus curves of Figure 4.3 by a factor of2.54 mm along 
the distance axis. This adjustment can be verified by the physical differences of the 
charring radii on the exposed and unexposed surfaces of the specimens for the combined 
loading tests, which averages to approximately 2.54 mm. 
Next, the micro buckling strength curves were then derived through Eq. ( 4.6) 
using the adjusted modulus curves of Figure 4.3 and applying an empirical k factor of 
0.03 for each case. These curves were then plotted along with the microbuckling ratio 
data. The distances of micro buckling and the distance locations correlating to the fiber 
microbuck:ling strength values were normalized by the specimen width resulting in a 
distance ratio, xlw. This ratio, xlw, is defmed as the distance from the mid point of 
incident flux normalized by the specimen width. As can be seen in Figures 4.5(a) 
through Figure 4.5( c), for each distance ratio of microbuckling damage, the applied stress 
corresponding to that ratio is greater than the fiber microbuckling strength at that 
position. This shows that the specimen sustained microbuckling damage at positions 
where the applied load exceeded the degraded micro buckling strength of the material. 
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Figure 4.5( c) Distance ratio of micro buckling as a function of applied compressive stress for a thermal load of 195 
kW/m2• 
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Where the fiber microbuckling strength increased significantly due to the increase 
in shear modulus, global failure appeared to dominate the failure mode resulting in 
catastrophic collapse ofthe material. In cases of pure compressive loading along the in-
plane direction, a plate typically experiences buckling and is able to sustain increased 
loading until an ultimate load is reached and the load carrying capacity begins to decrease 
gradually. However, in the case of the combined loading tests, the plates experienced a 
catastrophic collapse at or near the buckling load. As the intensity of the thermal loading 
increased, the collapse load decreased, yet, the microbuckling ratio at the initiation of 
failure was consistent for each thermal loading condition. This consistency suggests that 
there is a critical micro buckling ratio for the specific material geometry, at which point 
the specimen can not sustain the applied load if global buckling is initiated and 
micro buckling propagates through the width of the specimen. 
The concept of a stress concentration factor, introduced by the damaged materia~ 
may also be an added factor to the initiation of micro buckling. Due to the limitations in 
time and resources, this theory was not fully investigated. However, a description of the 
proposed theory and evidence from former research is presented in Appendix C and may 
provide preliminary direction for further analysis. 
4.4.3 Discussion 
From the evaluation of damage, an elementary design criteria can be developed to 
minimize the effects of local thermal loading on the integrity of a composite structure. It 
is seen through both the unloaded thermal tests and the combined loading tests that a 
material exposed to thermal loading will experience damage in the form of delamination 
and charring. This damage is highly dependent on the thermal loading condition. These 
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thermal loading conditions can be influenced by certain design measures which influence 
the heat transfer through the material. such as the type of materials used for fixtures or 
the use of intumescent coatings which inhibit pyrolysis. However, while the effects of 
these conditions can be decreased, their existence may be inevitable. Therefore, the 
safety of the structural design can be can be better controlled through the optimization of 
the parameters of structure geometry and applied load. 
The specimen geometry is critical in determining the amount of applied 
compressive stress seen by the structure. It is also critical in determining the heat transfer 
characteristics of the material. By maximizing the thickness of the structure within the 
weight and size limitations, the buckling strength and maximum load carrying capacity of 
the structure will be increased. The rate of dissipation of thermal energy through the 
material will also be increased, resulting in a decrease in the intensity of the local region 
of thermal energy concentration and thus a decrease in the damage created. By limiting 
the applied compressive load on the structure, the possibility of exceeding the degraded 
fiber micro buckling strength of the material is minimized. This precaution results in the 
decreased chance of micro buckling and global buckling, therefore decreasing the chance 
of catastrophic failure in case of thermal loading. 
Figure 4.6 shows the quantitative behavior of the damage ratio as a function of 
applied compressive load. The damage ratio is defined as the length of damage across 
the structure mid-plane, either through charring, delamination, or micro buckling, 
normalized by the structure width. As can be seen in the figure, the damage ratio is 
minimized at a finite value dependent on the intensity ofthermalloading. As the applied 
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compressive load increases, the ratio increases until a critical combination of applied load 
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Damage ratio as a function of applied compressive stress 
Using the above analysis and the damage evaluation previously discussed, a post-
exposure analysis can also be conducted to determine the structural integrity of structures 
after thermal loading has been applied. lfthe compressive loading conditions ofthe 
structure are known and physical damages can be assessed, the criticality ofthe damage 
ratio can be assessed by applying the correlations of Figure 4-H for the specific structure. 
As was previously mentioned and can be derived from Figure 4.6, limiting the 
applied thermal load extends the compressive load carrying capacity ofthe structure as 
well. While this may be a difficult factor to control, it must be stated that by decreasing 
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the applied thermal load, material damage and the degradation of structural properties can 
be minimized. 
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Chapter 5 Summary and Conclusions 
The objective of this research was to determine the compressive behavior of 
composite laminates exposed to local thermal loading. By characterizing the failure 
modes associated with these combined loading conditions, design criteria may be 
developed to optimize the mechanical integrity of composite structures subjected to 
situations involving elevated temperatures. These criteria are particularly critical to the 
further implementation of composite materials in naval applications, where the resilience 
of their properties to thermal loading is imperative to the safety of personnel and mission 
accomplishment. 
The material specimens tested were glass/epoxy laminate plates 0.318 em thick, 
10.16 em wide, and 12.7 em long. A screw-driven testing machine was used to apply 
compressive loading and an infrared spot heater was used to apply thermal loading. The 
duration of each test was five minutes or the onset of catastrophic failure. 
Two types of testing were conducted. The first type involved the radiant thermal 
testing of the material specimens. These tests were conducted to obtain a baseline from 
which the effects of thermal loading on the physical properties of the composite specimen 
were determined. For each applied heat flux, the thermal load was concentrated on the 
center of one side of the specimen. The temperature profile of the back of each specimen 
for each loading condition was recorded using an infrared imaging camera. At the 
completion of each test, the material damage was measured and recorded. 
The second type conducted was a combined loading test that included thermal and 
mechanical loading of the specimens. During these tests, the specimens were loaded in 
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compression to a constant applied load. While subjected to this compressive load, a local 
thermal load was then applied to the center of the specimen for the duration of the test. 
From the thermal tests, the primary physical damage observed was delamination 
and charring. This damage, measured by the diameter of the area, was shown to increase 
with an increase in the intensity ofthermalloading. In the combined loading tests, 
delamination and charring were again present, however, micro buckling was the primary 
form of damage and the dominant failure mechanism. The micro buckling that occurred 
was dependent upon both the intensity of thermal loading and the amount of applied 
compressive loading. As the thermal load and the compressive load increased, the length 
ofmicrobuckling increased. This microbuckling initiated at the center ofthermalloading 
and propagated perpendicular to the direction of compressive loading outward towards 
the side of the specimen. At or near the global buckling load of the specimen, the 
micro buckling reached a critical length of approximately one half of the specimen width 
and the specimen collapsed catastrophically. 
An evaluation of the damage measurements found that delamination and charring 
damage were primarily dependent upon the thermal loading condition while the existence 
of micro buckling proved variable with the applied compressive load. With this 
observation, microbuckling was determined to be the critical mechanism for specimen 
failure and was thus extensively investigated. When compared with the degraded 
microbuckling strength along the specimen mid-plane, it was seen that where the applied 
load exceeded the microbuckling strength of the materia~ microbuckling was initiated. 
There was also a critical ratio of micro buckling length to specimen width where the 
dominant failure mechanism of the specimen transitioned from local failure to global 
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failure. At this ratio, approximately .481, the specimen collapsed catastrophically. The 
concept of a stress concentrator formed by the degraded region of material was also 
introduced as an appendix, however, due to limitations in analysis, this concept was not 
expanded upon. 
From the results ofthe testing and the apparent correlation ofmicrobuckling 
length to the reduced fiber micro buckling strength, design limitations were developed to 
minimize the potential effects oflocal thermal loading. These limitations include 
optimizing the thickness of the composite structure and minimizing the compressive load 
applied to the composite structure. By optimizing the structure's thickness, the thermal 
energy concentration at the local region is decreased, reducing the damage created. An 
increased thickness also increases the load carrying capacity. Minimizing the applied 
load felt by the structure decreases the potential for micro buckling initiated by loads in 
excess of the fiber microbuckling strength. It also reduces the chance for the inception of 
global buckling and catastrophic failure. A post-exposure evaluation can also be 
developed from the results presented. If the applied load is known and the damage can 
be assessed, the damage ratio can be determined and the structural integrity of the 
laminate can be determined post-thermal exposure. 
The research presented in this thesis is only an initial step in the determination 
and evaluation of the effects of local thermal loading on the integrity of composite 
structures in compression. It presents the primary phenomena introduced by these 
loading conditions, however, a more complete analysis is required to completely 
characterize their behavior and to assist in the prevention of their occurrence. Advanced 
modeling analysis is necessary to determine the stress distributions introduced by thermal 
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expansion and material property degradation. The concept of a stress concentrator 
formed by the region of degraded material should also be investigated. 
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Appendix A Compression Test Fixture 
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Figure A.2 Bottom Fixture 
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Appendix B Theoretical Euler Buckling Analysis 
Buckling equation: 
where 
PeR= critical buckling load 
E= elastic modulus 
I= moment of inertia 
b= width 
h = thickness 
L= length 
K =end factor 
Specimen dimensions and properties: 
E=20.7GPA 






2( 20.7 X J09 ; )(2. 73 X }0-JO m4 ) 
P = =9530N 




Appendix C Specimen Damage Measurements 




M - -·--- .... -- _____ ...... 
Front 
Heat Specimen 
Applied delamination Front charring 
Setting stress (Pa) 
ratio, dJiw ratio, CJIW 
.125-4-5-50 1.09£+07 0.188 0.172 
.125-4-5-51 1.36£+07 0.188 0.165 
.125-4-5-52 1.62£+07 0.172 0.157 
.125-4-5-53 1.90£+07 0.188 0.172 
.125-4-5-54 2.16£+07 0.188 0.172 
85 kWm 2 .125-4-5-55 2.44£+07 0.188 0.173 
.125-4-5-56 2.71£+07 0.189 0.157 
.125-4-5-57 2.97£+07 0.188 0.173 
.125-4-5-58 3.24£+07 0.188 0.173 
.125-4-5-59 3.42£+07 0.188 0.156 
.125-4-5-60 3.53£+07 .156•• 0.141 .. 
.125-4-5-29 8.04£+06 0.228 0.209 
.125-4-5-30 1.09£+07 0.237 0.212 
.125-4-5-31 1.37£+07 0.222 0.206 
.125-4-5-32 1.65£+07 0.235 0.214 
.125-4-5-41 1.89£+07 0.232 0.209 
140 kW/m 2 .125-4-5-43 2.17£+07 0.254 0.227 
.125-4-5-44 2.43£+07 0.242 0.217 
.125-4-5-45 2.68£+07 0.247 0.227 
.125-4-5-47 2.81£+07 0.252 0.220 
.125-4-5-46 2.98£+07 0.253 0.227 
.125-4-5-61 3.20£+07 0.222 0.204 
. 125-4-5-49 3.42£+07 0.158 .. 0.128 .. 
.125-4-5-64 I.IOE+07 0.283 0.242 
.125-4-5-65 1.38£+07 0.285 0.253 
.125-4-5-66 1.66£+07 0.270 0.248 
195 kW/m 2 .125-4-5-67 1.93£+07 0.260 0.248 
.125-4-5-68 2.21£+07 0.254 0.244 
.125-4-5-69 2.48£+07 0.260 0.250 
.125-4-5-70 2.76£+07 0.257 0.242 
.125-4-5-71 3.03£+07 0.281•• 0.250 
• global failure load 
•• damage growth limited by global buckling failure 




ratio, mflw ratio, d,/w ratio, c,lw ratio, m ,!w 
0.172 0.188 0.110 
0.251 0.267 0.110 
0.282 0.188 0.125 
0.313 0.188 0.125 0.313 
0.298 0.282 0.125 0.298 
0.345 0.188 0.126 0.298 
0.346 0.267 0.126 0.315 
0.329 0.173 0.125 0.298 
0.361 0.188 0.125 0.314 
0.469 0.203 0.125 0.281 
1.000 . 141•• .078 .. 1 
0.288 0.228 0.156 0.139 
0.309 0.232 0.150 0.257 
0.297 0.225 0.145 0.288 
0.350 0.222 0.149 0.306 
0.394 0.278 0.172 0.349 
0.373 0.245 0.137 0.306 
0.405 0.227 0.162 0.380 
0.398 0.247 0.157 0.402 
0.431 0.246 0.156 0.361 
0.499 0.245 0.161 0.356 
0.471 0.218 0.134 0.351 
1.000 0.132 .. 0.074•• 1.000 
0.358 0.261 0.202 
0.369 0.268 0.202 0.323 
0.418 0.241 0.200 0.330 
0.430 0.258 0.212 0.383 
0.459 0.264 0.207 0.387 
0.473 0.255 0.205 0.413 
0.504 0.274 0.197 0.424 
1.000 . 266•• .188 .. 1.000 
Appendix D Stress Concentration Analysis 
Background 
As established in the Chapter 3, there is a significant decrease in the shear 
modulus ofthe composite with the application of a thermal load. This area of 
degradation creates not only a local weakness, as in the case ofmicrobuckling, but 
possibly a global weakness as well. The circular pattern of degradation on the surface 
penetrates through the thickness, which may simulate the existence of a notch or cutout in 
the specimen. The intensity and duration of thermal loading could determine the size of 
this "notch". Like a notch, this volume ofthermally degraded material compromises the 
strength ofthe specimen and, with the application of a uniaxial compressive load, creates 
a stress concentration in the material. The following section discusses the analysis of a 
notch in a laminate plate, previous research characterizing failure due to a notch, and the 
correlation to the findings of this current research. 
Application of the classical stress concentration factor (SCF) analysis can not be 
used in the case of laminated plates containing a circular cutout with diameters less than 
one inch. This has been proven through experimental data for specimens in tension 
[25,26]. Nuismer and Whitney [27,28,29] developed failure criteria for predicting the 
uniaxial tensile and compressive strength which accounted for this hole size factor. Their 
analysis is based on the normal stress distribution that exists ahead of the hole and the 
greater ability for smaller sized holes to redistribute higher stresses. 
Their analysis frrst considered a hole of radius R in an infmite orthotropic plate. 
Assuming the application of a uniform stress a- parallel to the y-axis, the normal stress, 
cry, along the x-axis in front of the hole can be predicted by 
76 
where K; is the orthotropic stress concentration factor for an infinite width plate [30]. It 
is defined as follows 
(C.2) 
where Aij are the in-plane laminate stiffuesses determined from laminated plate theory 
a 
[31]. By plotting the ratio _! with respect to the distance ahead of the hole (X-R), 
a 
Figure D.l shows that although two different sized holes have the same stress 
concentration factor at the edge of the hole, the stress concentration is much more 
localized for the smaller hole. 
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Figure D.l Stress concentration ratio as a function of distance ahead of the hole for 
a circular hole in an infinite isotropic plate 
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the hole, along the midplane, can be determined for a given hole size. In Figure D.2, the 
normal stress is plotted for an applied load of33.1 MPa. As can be seen the load 
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Figure D.2 N onnal stress as a function of distance ahead of the hole for a 
circular hole in an infinite isotropic plate 
In summary, the presence of a notch in a laminate plate creates an increased 
normal stress that is perpendicular to the applied load and exists along the x-axis in front 
ofthe notch. This stress distribution is dependent upon the hole size and increases with 
an increase in hole size. Furthermore, it can be derived, that while the applied load 
imposed upon the laminate plate may be below the compressive and micro buckling 
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strength of the laminate, the normal stress along the x-axis may exceed those strengths 
significantly resulting in fiber micro buckling and collapse of the laminate. 
Investigations conducted by Khamseh and Wass [32] support this analysis. Their 
research was concerned with the effects of notches on the compressive behavior of 
laminate plates and characterized the effects of the hole diameter on the compressive 
strength and failure mode of the laminate plate. The material tested was a low modulus, 
high strength, unidirectional graphite/epoxy laminate. During the tests, the specimens 
were loaded in uniaxial compression. Specimens of different hole sizes were tested, 
some of which were loaded to global failure and others of which were only loaded to the 
inception of localized failure. 
The results found that the predominant failure mode for the laminate was 
determined to be by fiber microbuckling/kinking at the hole edge followed by 
delamination near the failure site, resulting in the propagation of damage into the interior 
of the specimen. It was also determined that fiber microbuckling preceded delamination 
failure and that the initiation of :fiber microbuckling was dictated by the hole size. If the 
ratio of the cutout diameter to the specimen width (d/w) was greater than .062, then fiber 
microbuckling was initiated at the hole edge. If the ratio d/w was smaller than .062, then 
failure occurred at the specimen edge and in most cases, the specimen failed due to global 
buckling. 
This failure behavior is similar to that experienced by test specimens subjected to 
combined thermal and mechanical loading. Like the specimens containing a cutout, the 
specimens subjected to combined loading conditions experienced the initiation of 
microbuckling at the center ofthe specimen, where thermal loading was concentrated. 
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This microbuckling also propagated perpendicular to the applied load outward to the 
edges. The length of micro buckling was dependent upon the applied load, which would 
be magnified considerably at the x-axis in the presence of a notch resulting in a larger 
area of stress distribution. As discussed in Chapter 3, there is a significant decrease in the 
shear modulus of the material at elevated temperatures. As was discussed, this reduction 
in shear modulus results in a decrease in the fiber micro buckling strength of the material 
leading to microbuckling. However, this reduction in shear modulus may also result in a 
stress concentration in the specimen that could create an even greater stress distribution. 
Due to time limitations, preliminary analyses were done, however, a thorough 
modeling analysis was not conducted to determine the applicability of this theory. It is 
suggested that this area be further researched as another factor in determining the 
compressive response of composite materials to local thermal loading. 
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Appendix E DMA Analysis 
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Dynaaic Ttmperature Rallp 
Fri 04-Jan-so - 9:14:04aa 
B:\VOLOOl\MICARTA.DAT 
RDS-7700 s/n 1604 
RAS 
TES'l' CONDITIONS: 
eoeo.etry Type •••••••••• Torsion Rect1Ul9\llar (Tors Rvct) 
Lenqth ••••••••••••••••• 45.25 [-) . 
Width •••••••••••••••••• 12.76 [mm] 
Thickness • • • • • • • •.• • • • • • 2. 37 [11111] 
------------------------------------Frequency •••••••••••••• 10.0 [rad/s] 
Initial Temp ••••••••••• 40.0 [•CJ 
IXPBRIMEHT SCAI.ARS: 
FREQ •••••••••••••••••.•••• 10.000 [r&d/a] 
DENSITY •••••••••••••••••• 0.0000 [gm/c.3] 
TOOL_EXPAN ••••••••••••.•• 0.0000 (~af•C] 
EXPERI.IIEHT NOTES: 
--------------------------------------------------------------------------------EXPERIKEM'l': lUCARTA GlO Rheometrio Telllp. SCan 
--------------------------------------------------------------------------------
Paqe 2 
TEST PARAKE'l'ERS I 
S.vtt GeOIDetry As ••••••• 
Geoaetry Type •••.•••••• Torsion Rectangular (Tors Rect) 
Length • • • • • • • • • • • • • • • • • 45. 2!5 [aa) 
Width •••••••••••••••••• 12.76 [aaJ 
Tbickness •••••••••••••• 2.37 {aa) 
------------------~-----------------Teat Type ••.••••••••••• Dynaaic Temperature Ramp (DTeapRamp) 
Save setup Aa ••••·••••• 
Frequency •••••••••••••• 10.0 [radfs} 
Initial Temp. ••••••••·• 40.0 [•C) 
Final Temp. • •••••••••• 300.0, o.o, o.o, o.o, o.o, o.o, o.o, o.o [•C) 
Raap Rate ••••••••••••.• s.o, o.o, o.o, o.o, o.o, o.o, o.o, o.o [~C/ain.J 
Zone Ti ................ 2:00:00, o, o, o, o, o, 0, o (s or h:a:s] 
Tiae Per Measure ••••••• 30, o, o, o, o, 0, o, o (a or h:a:s) 
Strain ••••••••••••••••• 0.025, o.o, 0.0, o.o, o.o, o.o, o.o, o.o £'1 
Options •••••••••••••••• 
Delay Before Test •••••• Ott 
Delay Betor• Teat •••••• 0 [s or b:a:aJ 
Autostrain ••••••••••••• Off 
JCax Applied strain o.o [t] 
Jtax Allowed Torque ••••• o.o [CJa'CA} 
Min Allowed Torque ••••• o.o [qa·ca] 
litrain Adj uac.ent ••••• , 0. o [ l or current Strain] 
Measurement Options •••• Manual Delay Settings 
cycles .............. o.o [] 
Correlation: One Cycle correlate on 
Turn OFF Kotor ••••••••• No 
Turn Hpld ON , , ••• ·, • • • • • No 
~ orr T.ap contro11er Ko 
S..t Jl:n4 or Te•t T-p Jfo 
DlDTKSTP~ 
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Rheometries Rbios V4.3.2 l"ri 04-J'an-80 - 7:so:oou 
---------------------------------------------------------------------~----------EXPERIMENT: MICARTA G10 Rbeoa8tric Te-.p. scan 1 Page 
~-------------------------------------------------------------------------------No. c• C" G• tan_ delta 'reap ti-
dyn/cm• dyntcaa dyntcm• •c • 
-----------------------------------------------------------~--------------------1 7.4413e+10 1.2632e+09 7.3271e+l0 0.0170 38.984 6.0000 
2 7.3022e+l0 1.2251e+09 7.2842e+10 0.0168 39.594 36.000 
3 7.2445e+lO 1.17848+09 7.2585e+l0 0.0163 42.813 66.000 
4 7.2160e+10 1.1352e+09 7.2207e+10 0.0157 4!5.148 96.000 
5 7 .1812e+10 1.10lle+09 7 .18208HO 0.0153 47.914 126.00 
6 7.1370e+10 1.06708+09 7.1348e+10 0.0149 50.035 1!§6.00 
7 7.0949&+10 1.0198&+09 7.0943e+10 0.0144 52.613 186.00 
8 7.0585e+10 9.6260e+08 7,06018+10 0.0136 55.090 216.00 
9 7.022!5e+l0 9.11408+08 7.0243e+10 0.0130 57.438 246.00 
10 6.9827e+10 8.7857e+08 6.9823e+10 0.0126 60.027 276.00 
11 6.9405e+10 s.6666e+08 6.9478e+10 0.0125 62.418 306.00 
12 6.8995e+10 8.7362e+08 6.8933e+10 0.0127 64.969 336.00 
13 6.B620e+10 8.93178+08 6.8555e+10 0.0130 67.445 366.00 
14 6.82fi6e+l0 9.0677e+08 6.8406e+10 0.0133 70.082 396.00 
15 6.7880e+10 8.9011e+08 6.7846e+lO 0.0131 72.473 426.00 
16 6.738!5e+l0 8.4639e+08 6.7476e+10 0.0126 74.848 456.00 
17 6.67658+10 &.1974e+oa 6.6896e+l0 0.0143 77.527 486.00 
18 6.6117e+lO 8.5869e+08 6.6049e+10 o. 0130 79.813 516.00 
19 6.5!580.+10 9.74228+08 6.5388e+10 0.0148 82.391 546.00 
20 6.51968+10 l.1144e+09 6.5159e+10 0.0171 84.941 576.00 
21 6.4870e+10 1.192le+09 6.5117e+10 0.0184 87.355 606.00 
22 6.4465e+10 1.1881e+09 6.4406e+lO 0.0184 89.855 636.00 
23 6.39318+10 1.1713e+09 6.40308+10 0.0183 92.172 666.00 
24 6.33aoa+lO 1.1989e+09 6.J29le+10 0.0189 94.934 696.00 
2!5 6.2716e+10 1.2631e+09 6.2762&+10 0.0201 97.586 726.00 
26 6.2157e+l0 l.J234e+09 6.2093e+lO 0.0213 99.789 756.00 
27 6.16198+10 1.3712e+09 6.1628e+l0 0.0223 102.23 .786.00 
28 6.10Ue+l0 1.4453e+09 6.1213e+l0 0.0237 104.64 816.00 
29 6.037le+l0 1.!5859e+09 6.0386e+lO 0.0263 107.07 846.00 
30 5.9!5!568+10 1.7997&+09 5.9609e+10 0.0302 109.57 876.00 
31 5.8576e+10 2.0683e+09 s.saooe+lO 0.03!53 111.90 906.00 
32 5.7399e+10 2.38948+09 5. 7513e+10 0.0416 114.43 936.00 
33 5.59168+10 2.8089e+09 !5.6116e+10 0.0502 116.82 966.00 
34 5.38!50e+l0 3.41358+09 5.4U8e+10 0.0634 118.98 996.00 
35 5.0734e+10 4.28618+09 !5.1648.+10 0.0845 121.73 1026.0 
36 4.6088e+l.O 5.4223e+09 4.7463e+lO 0.1177 124.10 1056.0 
37 3.9803e+10 6.6186e+09 4.1328e+10 0.1663 126.85 1086.0 
3i 3.24148+10 7 • .&577e+09 3.4257e+10 0.2301 129.07 1116.0 
39 2.4925&+10 7.5413e+09 2.6704e+10 0.3026 131.54 1146.0 
40 1.8306e+lO 6.798!5.-+09 1.9670e+l0 0.3714 134.08 1176.0 
41 1.3100e+l0 5.!5156&+09 1.4391e+l0 0.4210 136.30 1206.0 
42 9.3768e+09 4.1020e+09 1.0187&+10 0.437!5 138.90 1236.0 
43 6.9071e+09 2.8639e+09 7 .3301e+09 0.4146 141.42 1266.0 
44 !5.3582e+09 1.9264&+09 !5.5392e+09 0.3595 143.85 1296.0 
45 4.4216&+09 1.2781&+09 4.5021&+09 0.2891 146.27 1326.0 
46 3.8613e+09 8.522!5e+08 3.89558+09 0.2207 148.67 13!56.0 
47 3.5172e-t-09 5.79538+08 3.5322e+09 0.1648 151.28 1386.0 
48 3.29368+09 4.06788+08 3.2847e+09 0.1235 154.30 1416.0 
49 3.1418e+09 2.9788e+08 3.1!5258+09 0.0948 156.22 1446.0 50 3.0377&+09 2.2983•+08 3.0303&+09 0. 0757 158.90 1476.0 51 2.9639e+09 1.8792e+08 2.9518e+09 0.0634 161.18 1506.0 52 4.9058&+09 1.61848+08 2.9243e+09 0.0557 163.91 1536.0 53 2.8562e+09 1.4376&+08 2.8597e+09 0.0!503 166.45 1566.0 
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Figure E.l Micarta GlO Rheometric Temperature Scan 
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